Objectives: We have previously shown that dexamethasone increases serum leptin in fed but not in fasted human subjects. We hypothesized that insulin and/or glucose mediated the effect of food intake. The primary aim of this study was to determine whether the administration of a pulse of insulin with dexamethasone was sufficient to increase serum leptin in vivo in fasted human subjects. Whether the presence of transient hyperglycemia and the dose of insulin were important was tested as a secondary aim. Methods: Twenty-nine normal subjects were studied. In experiment 1 (meal-like), a pulse of insulin (0.03 U/kg s.c.) and of dexamethasone (2 mg i.v.) was given, and the blood glucose transiently elevated to 50 mg/dl above baseline for the first 2 h. In experiments 2 and 3 (dose-response), the effect of two doses of insulin (0.03 U/kg in experiment 2 and 0.06 U/kg in experiment 3) was tested in combination with dexamethasone, this time without transient hyperglycemia. Nine subjects were studied under fasting conditions, with or without dexamethasone, as a control experiment. Results: A meal-like transient hyperinsulinemia and hyperglycemia, with a pulse of dexamethasone, increased serum leptin levels from baseline by 54^21% at 9 h ðP ¼ 0:038Þ: In the absence of transient hyperglycemia, leptin increased significantly after doses of both insulin and dexamethasone. The effect of insulin was dose-dependent, with a larger increment of serum leptin at 9 h after the highest dose of insulin ð75:2^15:7% vs 21:3^8:5%; P ¼ 0:013Þ. Fasting, with or without dexamethasone, resulted in a significant 20% decrease in leptin from morning basal levels. Conversely, the administration of a pulse of insulin and glucose, in the absence of dexamethasone, prevented the drop in serum leptin observed during fasting, regardless of the insulin dose or the serum glucose elevation. Conclusions: With the permissive effect of dexamethasone, a single pulse of insulin triggered a rise in serum leptin in humans, even in the absence of transient hyperglycemia. A single pulse of insulin with glucose can prevent the drop in serum leptin normally observed during fasting.
Introduction
Leptin, the peptide hormone secreted by the fat cells, is secreted in proportion to fat mass (1) as well as regulated by nutritional (2, 3) and hormonal factors, such as glucocorticoids and insulin. Glucocorticoids and insulin have both been shown to be part of leptin regulation. Oral administration of dexamethasone at doses varying from 1.5 to 6 mg per day increases serum leptin in humans (4 -8) . We have shown that this effect is dependent on food intake (9) . A pulse of dexamethasone followed by three meals stimulated leptin by 100% at 10 h. In contrast, the administration of dexamethasone did not increase leptin levels in fasted subjects. The factors related to food intake (gastrointestinal hormones, insulin and/or glucose or other nutrients) that synergize with dexamethasone to increase leptin are unknown.
Continuous infusion of insulin at supraphysiological (823 and 2843 pmol/l) (10) or more physiological levels (480 pmol/l) (11) increases serum leptin after 6 h in human subjects. A continuous infusion of insulin for 9 h, resulting in plasma insulin levels of between 380 and 790 pmol/l, increases plasma leptin by 26 and 43% from baseline at 9 h (12). These insulin levels are comparable with the ones achieved with meals in our previous study (360 -1050 pmol/l) (9) . There is some suggestion that glucose also plays a role in leptin regulation (2) . Glucose infusion stimulates leptin in fasting human subjects (13) .
The goal of this present study was to test the hypothesis that a transient rise in insulin and glucose, similar to that provoked by a meal in our previous study, would increase serum leptin after administration of a pulse of dexamethasone. Whether the presence of transient hyperglycemia and the dose of insulin were important was tested as a secondary aim.
Subjects and methods

Subjects
Twenty-nine subjects (25 males, 4 females), mean age 26^5 years, were studied. They were all healthy, nonsmokers, non-obese (body mass index ¼ 25^2 kg=m 2 ), with a normal physical examination, routine blood work and thyroid function tests, taking no medication, not depressed as assessed by the Beck questionnaire (14) , with an oral glucose tolerance test within the normal range, and a stable body weight for at least 3 months prior to the study. Total body fat (mean 21^6%) was measured by DEXA scan (15) . Their baseline glucose, insulin and leptin levels were respectively 5:1^0:4 mmol=l; 71^29 pmol=l and 5^4 ng=ml: The study protocols were approved by the Institutional Review Board of St Luke's/Roosevelt Hospital, and informed written consent was obtained prior to inclusion in the study.
Experimental design
Subjects came to the Clinical Research Center at 0745 h after an overnight fast. An i.v. catheter was inserted into an antecubital vein, and the i.v. line was kept open with a slow infusion of 0.45% sodium chloride during the entire experiment. This line was used for blood sampling. Another i.v. catheter was inserted in an antecubital vein of the contralateral arm for 20% glucose infusion via a peristaltic pump (Gemini PC-1; Imed, San Diego, CA, USA).
Experiment 1: Effect of a transient 'meal-like' rise of glucose and insulin with a pulse of dexamethasone on serum leptin This experiment was designed to mimic the meal-induced rises in insulin and glucose, with or without co-administration of dexamethasone. After baseline measurements, all subjects ðn ¼ 8Þ received a subcutaneous pulse of fast and short-acting insulin (Humalog; Lilly, Indianapolis, IL, USA) at a dose of 0.03 U/kg. Subjects simultaneously received either 2 mg dexamethasone (insulin plus dexamethasone condition) or saline (insulin-only condition) administered as an i.v. pulse at 0830 h. Blood glucose was determined with a glucose analyzer (Beckman, Brea, CA, USA) at short intervals and the glucose level was adjusted by varying the rate of the 20% glucose infusion. Blood glucose levels were maintained at 50 mg/dl above baseline for 1 h after treatment was given (hyperglycemic clamp), then at baseline levels (euglycemic clamp) for the rest of the experiment. Blood samples were taken every 30 min for the next 9 h for serum leptin, C-peptide, insulin and free fatty acids (FFA).
Experiments 2 and 3: Effect of two doses of insulin given as a pulse (0.03 U/kg in experiment 2 and 0.06 U/kg in experiment 3) and dexamethasone, in the absence of transient hyperglycemia These experiments were designed to test the role of a transient rise in glucose. Each experiment was carried out exactly as described in experiment 1, except that blood glucose was maintained at baseline levels during the entire experiment. Additionally, to test the dose-response, the insulin dose was varied: 0.03 U/kg in experiment 2 ðn ¼ 7Þ and 0.06 U/kg in experiment 3 ðn ¼ 8Þ.
Therefore, in all three experiments, subjects were studied under two conditions: the insulin and dexamethasone condition (insulin and dexamethasone, 2 mg i.v.) and the insulin-only condition (insulin and saline). The two conditions were randomly assigned for experiment 1. In experiments 2 and 3, the insulin and dexamethasone condition was always run first in order to match the slight hyperglycemic effect of dexamethasone during the insulin-only condition. For each experiment, the two conditions were separated by 1 week to 1 month. The dose of dexamethasone used in this study (2 mg) is half that which was used in our meal study (9) . A preliminary dose-response study showed that 2 mg was as effective at increasing leptin (16) , and likely to induce fewer side-effects.
Experiment 4:
Control fasting A control group of nine subjects was studied after an overnight fast for another 9 h of fast, with saline administration, with or without dexamethasone given as an i.v. pulse.
Statistical analysis
The response variables were the serum leptin and insulin levels at every time-point, and the area under the curve (AUC) for glucose, leptin, C-peptide, insulin and FFA. The relative change in leptin at 9 h was defined as: ((leptin at 540 min-leptin at 0 min)/leptin at 0 min) £ 100. Delta increment was defined as the difference in the change of one variable between the two conditions of the same experiments. An independent t-test was used to compare a variable under two different conditions within each experiment. General linear model analysis with repeated measures was performed to evaluate the change in leptin from baseline separately for each condition of the three experiments. Correlation analysis was used between leptin increment and glucose infusion rate. Regression analysis between the delta of the change in leptin and FFA between the two conditions of each experiment was done. All data are presented as means^S.E.M. unless specified otherwise. The data were analyzed using SPSS for PC (17) with a level of significance of 0.05.
Assays
Glucose was measured with a Beckman glucose analyzer. Plasma insulin and leptin (kits from Linco, St Charles, MO, USA) and C-peptide (DPC, Los Angeles, CA, USA) were determined by radioimmunoassay. FFA were measured by an enzymatic method (Wako Chemicals USA, Inc., Richmond, VA, USA). All plasma samples were run in duplicate and data for each subject (two conditions) were analyzed simultaneously. The interassay coefficient of variation (CV) for leptin was 8.4% and 5.2% and the intra-assay CV 7.2% and 5.3% for CV levels of 2.8 ng/ml and 20.3 ng/ml respectively. The interassay CV for insulin was 8.5% and 6.9% and the intra-assay CV 6.2% and 5.2% for levels of 10.4 mU/ml and 45 mU/ml respectively.
Results
Insulin and dexamethasone conditions Experiment 1
The rises in glucose and insulin, shown in Fig. 1 , followed the same pattern as those observed after food intake in our previous experiments (9). The peak increases in serum glucose were 8:50
:6 mmol=l and 8:6^0:5 mmol=l; with and without dexamethasone respectively ðP ¼ 0:905Þ; levels similar to the one seen in our previous meal studies. Peak serum insulin levels were 279^49 pmol=l and 3825 2 pmol=l respectively. In previously published experiments, insulin levels peaked at 450 pmol/l after a breakfast and 4 mg dexamethasone (9) and at 600 pmol/l after a 1700 kcal meal and 2 mg dexamethasone (18) . Plasma insulin and C-peptide (expressed as peak values and AUC) and plasma glucose (expressed as peak values) were not significantly different between the two conditions (with and without dexamethasone).
When given together with dexamethasone, a pulse of insulin and transient rise in glucose resulted in an increase in serum leptin at 9 h (54^21% above baseline, P ¼ 0:038), with a significant effect starting 6.5 h after treatment (Fig. 1) .
The AUC for FFA was significantly higher in the insulin plus dexamethasone condition than in the insulin-only condition ð73^24 vs 44^18 mmol=l per 9h, P ¼ 0:015Þ: The administration of insulin resulted in a decrease in FFA levels from baseline for 5 h, followed by a subsequent increase in FFA levels to baseline (Fig. 2) . In the insulin plus dexamethasone condition, the suppressing effect of insulin on FFA was shorter, about 2 h, after which FFA levels increased to reach levels 44% higher than the insulin-only condition, indicating a lipolytic effect of dexamethasone. The effect of dexamethasone on leptin persisted after adjustment for FFA changes.
Experiments 2 and 3
In experiments 2 and 3, glucose levels were not raised above baseline for the entire experiment, and the glucose level was not different between the two conditions with and without dexamethasone (Fig. 3) . The peak increase in serum insulin was, respectively, for the insulin-only and the insulin plus dexamethasone conditions, 25:0^2:2 mU=ml and 25:7^2:9 mU=ml after 0.03 U/kg, and 39:51 :9 mU=ml and 44:0^4:1 mU=ml after 0.06 U/kg s.c. insulin. Insulin levels returned to baseline levels 2 h after insulin administration in all the experiments (Fig. 3) . In experiments 2 and 3, plasma glucose, insulin and C-peptide (expressed as AUC) were not significantly different between the conditions (with and without dexamethasone).
Even without a transient rise in serum glucose, a pulse of insulin plus dexamethasone increased serum leptin compared with the insulin-only condition. With the highest dose of insulin (0.06 U/kg), serum leptin rose above baseline ð69^14%Þ at 9 h ðP ¼ 0:002Þ (Fig. 3) . The effect was significant starting at 4.5 h, when compared with baseline. With the smallest low dose of insulin (0.03 U/kg), leptin rose significantly by 14 -22% between 5.5 h and 8.5 h after treatment ðP , 0:05Þ: However, the duration of the effect was shorter than with the highest dose of insulin and had already disappeared at 9 h ð9^4% increment, P ¼ 0:093Þ:
To test the possibility of a dose-effect of insulin, the delta leptin increment after insulin and dexamethasone was compared between experiment 2 and experiment 3. There was a larger increment in serum leptin at 9 h after the highest dose of insulin ð75:2^15:7% vs 21:3^8:5%; P ¼ 0:013Þ: The increase in serum leptin after 0.03 U/kg insulin was greater in the presence of transient hyperglycemia (experiment 1 vs experiment 2). However, the insulin output was also greater in the later condition. In the two experiments with comparable serum levels of insulin (experiment 1, hyperglycemia and 0.03 U/kg, and experiment 3, euglycemia and 0.06 U/kg), the increase in leptin after dexamethasone was not significantly different ðP ¼ 0:505Þ; in spite of different glycemic levels. In experiments 2 and 3, the FFA changes were comparable with those seen in experiment 1 (Figs 2 and 4) . 
Insulin and glucose conditions -fasting conditions
The effect of insulin and glucose on leptin was studied in the absence of dexamethasone. The administration of a subcutaneous pulse of insulin (0.03 U/kg) and a transient rise in serum glucose, in the insulin-only condition of experiment 1 did not increase serum leptin levels over baseline at any time-point studied. Similarly, in experiments 2 and 3, despite the lack of a rise in serum glucose, serum leptin levels did not significantly change from baseline after the low-or high-dose insulin pulse.
In the control group of nine fasted subjects, leptin levels decreased by 24^6% from baseline at 9 h ðP ¼ 0:02Þ: The effect was significant starting 7.5 h after the beginning of the study period ðP ¼ 0:002Þ: The addition of dexamethasone had no effect on the decrement of serum leptin during the fast, as we have already shown (9) . The percent change of leptin from baseline at 9 h was significantly different between the fasting conditions (with and without dexamethasone) and the insulin and glucose pulse condition for each of the three experiments (224^6% vs þ 0:61^7:1%; P ¼ 0:015 for experiment 1, 224^6% vs þ 12.37
.9%, P ¼ 0:002 for experiment 2, and 224^6% vs þ 6^6%; P ¼ 0:003 for experiment 3). Thus, the administration of a pulse of insulin and/or glucose in experiments 1, 2 and 3, although unable to raise serum leptin levels from baseline, prevented the decline in serum leptin that occurred under fasting conditions.
Amount of glucose administered and leptin increase
The total amount of glucose administered during the 9-h experiment was always higher for the 
Discussion
The combination of a transient, 2-h elevation in insulin and glucocorticoid, with or without a transient increase in serum glucose, was sufficient to trigger an increase in leptin 6-9 h later. Neither hormone alone was effective. We know from previous experiments (9) that dexamethasone increases leptin in fed but not fasting subjects. Thus, the glucocorticoid stimulation of serum leptin seems to require either a positive feeding state (9) or a hyperinsulinemic state, albeit a very transient one (1 -2 h). Dexamethasone must interact with insulin to increase serum leptin, and transient hyperglycemia does not appear to be necessary. The magnitude of the increase in leptin (+53%) after dexamethasone and insulin is approximately half of the increase we observed in our previous meal experiment (+100%) (9) . This is likely due to the lesser dose of dexamethasone used in the present study (2 mg instead of 4 mg). Also, it is possible that the gastric and intestinal peptides released after a meal could also have an additive effect, an effect lacking when glucose and insulin are administered i.v.
The effect of a pulse of insulin on leptin is obtained with physiological levels of serum insulin. The magnitude of the effect of insulin and dexamethasone on serum leptin varies with the dose of insulin administered. The highest dose of insulin led to the greatest increase in serum leptin. Our data are consistent with in vitro experiments, indicating that the combination of insulin and dexamethasone increased the release of leptin from human subcutaneous adipocytes to a greater extent than insulin or dexamethasone alone (19, 20) .
Others have shown a clear effect of 6-to 9-h insulin infusion on leptin stimulation (10 -12) . In our study, although insulin levels reached a peak of 380 pmol/l after insulin administration and hyperglycemia, levels comparable with ones from other studies (12) , serum leptin levels failed to increase from baseline. It is likely that a longer time exposure to insulin and/or the highest dose of insulin, as used by others (10) (11) (12) , are key determinants of the stimulating effect of insulin on leptin.
Although a transient rise in insulin and/or glucose was not able to stimulate serum leptin levels, it seems sufficient to maintain them at baseline levels. Conversely, fasting decreased serum leptin by 24% at 9 h. Therefore, a transient rise in insulin and glucose, similar to the metabolic response observed after a single meal, appears to prevent the decline in leptin observed with fasting. This confirmed, as shown by many (10, 12, 21) , the role of insulin in the short-term regulation of leptin. Moreover, our data showed that a physiological rise in insulin levels, and not a continuous infusion, was enough to prevent the fast-induced decline in serum leptin, demonstrating a physiological role of metabolic status, i.e. food intake and/or insulin and glucose, in the short-term regulation of serum leptin.
The leptin increase after insulin and dexamethasone was not statistically different between experiments 1 and 3, with similar levels of hyperinsulinemia. It seems that the transient elevation of glucose in experiment 1 is not additive to the effect of insulin and dexamethasone on leptin. Many have shown an effect of glucose in the regulation of leptin (22, 23) . In our study, however, we could not separate the effect of insulin from that of glucose. Although we did not measure the level of glucose utilization under our experimental conditions, the amount of glucose infused to maintain blood glucose at the levels required for each experimental condition was always higher in the absence of dexamethasone. This indicated a lesser degree of insulin sensitivity in the presence of dexamethasone. It seems unlikely, therefore, that the combination of dexamethasone and insulin contributed to the rise in serum leptin via an increase in adipocyte glucose utilization. This is in agreement with in vitro data showing that glucocorticoids tend to decrease human adipocyte glucose utilization (24, 25) .
The role of lipolysis in regulating leptin has been proposed (26) but remains unclear (27) . Dexamethasone increases lipolysis (28) and it is conceivable that this increased lipolysis could play a role in the leptin increase after dexamethasone and insulin. However, the increase in FFA does not occur until 5 h after the administration of insulin and dexamethasone, and is therefore unlikely to be a key factor in the leptin increment. Furthermore, our data suggest that the change in leptin after insulin and dexamethasone is unlikely to be FFA-dependent.
The time lag of 6.5 h after administration of dexamethasone and insulin before leptin increases is very similar to the one we observed after dexamethasone and a meal (9) . This time-lag was also observed with overfeeding (5 -10 h) (3), insulin administration (4 -6 h) (10 -12) , or a shift in meal timing (21) . This time-lag may be necessary to elicit leptin transcription and/or post-transcriptional steps leading to leptin secretion. In vitro, an effect of insulin plus dexamethasone on leptin secretion in subcutaneous adipose tissue was detected at 5 h (19) .
The role of glucocorticoids in the physiological regulation of leptin has been questioned. Because of the discrepancy between the effects of an endogenous hypercortisolism (Cushing's syndrome) and of administered glucocorticoids on circulating leptin, some have argued that the elevation of serum leptin after exogenous steroid administration has no physiological relevance (29) . Others have shown that the alteration of physiological levels of cortisol did not affect the pattern of leptin secretion (30) , nor did the administration of methylprednisolone (31) . However, the situation is not clear. Prior studies of the inverse diurnal changes of leptin and cortisol have not taken into account the co-variations of insulin with meals and the expected time-lag in the leptin response. The present data argue that the combination of dexamethasone and insulin increases serum leptin many hours later. Such a situation may occur with the cortisol and insulin increase after the lunch meal in humans (32) or after overfeeding (33) . Thus, it is conceivable that the meal-associated nocturnal leptin secretion could be, in fact, a late response to daytime cortisol and insulin secretion under normal feeding conditions.
In summary, a single pulse of insulin administered in place of a meal can act synergistically with dexamethasone to increase serum leptin. Also, a transient increase of insulin can maintain baseline leptin levels and prevent the decline in leptin observed during fasting, demonstrating a physiological role of insulin on leptin regulation. Both effects of insulin are independent of glucose levels, as long as glucose levels are maintained at or above, even transiently, fasting levels. The present study demonstrates that there is a clear synergism of action between the effects of glucocorticoids and insulin on serum leptin in humans.
